ABSTRACT The dynamic assembly and disassembly of microtubules and the mechanical p roperties of t hese polymers are essential for many key cellular processes. Mathematical and computational modeling, especially coupled mechanochemical modeling, has contributed significantly to our understanding of microtubule dynamics. However, critical discrepancies exist between experimental observations and modeling results that need to be resolved before fu rther p rog ress toward a complete model can be made. Open sheet structures ranging in length from several hundred nanometers to one micro n have often been observed at the growing ends of microtubules in in vitro studies. Existing modeling studies predict these sheet structu res to be short and rare intermediates of microtubule disassembly rather than important components of the assembly process. Atomic force microscopy (AFM) studies also reveal interesting step-like gaps of the force-indentation curve that cannot yet be explained by existing theoretical models. We have carried out computational studies to compa re the mechanical p roperties of two alternative models: a more conventional model where tubulin dimers are added directly into a microtubule lattice, and one that considers an additional type of tubulin lateral interaction proposed to exist in intermediate sheet structures during t he microtubule assembly process. The first model involves a single type of lateral interactions between t ubuli n subu nits, whereas the latter considers a second type that can convert to the canonical lateral contact during microtubule closure into a cyli nder. Our analysis shows that only the second model can reproduce the AFM results over a broad parameter range. We propose additional studies using different sizes of AFM tips that would allow to unambiguously distinguish the relative validity of t he two models.
INTRODUCTION
Microtubules (MTs) are long, hollow cylindrical polymers consisting of -13 parallel protofilaments (PF), each formed by the head-to-tail assembly of af3-tubulin heterodimers. The outer and inner diameters of MTs are -25 and 15 nm, respectively, whereas the length can vary from tens of nanometers to tens or even hundreds of micrometers, frequently spanning the whole cell. MTs serve as one of the three major cytoskeletal components in eukaryotic cells, acting as mechanical support for cells and as both the stage and player in many eukaryotic cellular processes, including intracellular transport, cell motility, mitosis, and meiosis.
Understanding the nanomechanical properties and assembly/disassembly dynamics of MT is a fundamental problem, and an active research topic in molecular cell biology and in material science (1) (2) (3) (4) . MT dynamic instability is known to be a key property for MT function, and a number of protein families interact with MTs to precisely regulate their dynamics and ultimately their function (5, 6) . MT dynamics regulation has been shown to be of particular biological significance during cell division, as well as of outstanding pharmaceutical value in the treatment of cancer. Many widespread diseases are found to correlate with m alfunctioning of MT assembly. For example, Huntington's disease is an autosomal dominant inherited neurodegenerative disease presenting progressive involuntary movements and cognitive changes. Its gene product has been shown to interact with polymerized MT (7) . Depolymerization of MTs by toxins such as rotenone disrupts vesicular transport and is found to be related to neurodegenerative diseases such as Parkinson's and Alzheimer's disease. Down syndrome, one kind of severe genetic disease, is known to be caused by chromosome missegregation that m ay be due to meiotic spindle MT defects or defects in MT-chromosome binding. Therefore, MTs and their associated proteins often serve as therapy targets (8) . For instance, Taxol is a broadly used anticancer drug targeting MTs. It disrupts the fast dividing cancer cells by altering MT dynamics. MT-stabilizing drugs are also used in Alzheimer's disease treatment (9, 10) .
Additionally to their dynamics, the mechanical properties of MTs, e.g., bending resistance and local deformation, are also essential for many MT functions, such as proper spindle assembly and function or the beating of cilia and flagella. Although there have been extensive studies on the responses of MTs to mechanical stress, the nonlinear response of MTs bending, especially buckling, is not fully understood. conditions (different binding proteins, different assembly conditions, etc.) are still under debate. For instance, different labs reached different conclusions on whether a pure MT or Taxol-treated MT has higher Young's modulus (3, (11) (12) (13) (14) (15) . Other quantitative measurement can vary as much as two orders of magnitude (see Table S1 , which summarizes some published results). Recently, de Pablo et al. (16) and Schaap etal. (17) pushed onto an MT surface using an atomic force microscopy (AFM) tip and measured the indentation distance as a function of the force applied. They observed nonlinear responses, especially backward steps-sudden drops in the force needed to induce further indentation. Interestingly, the process was reversible. Upon removing the AFM tip, the original MT structure was recovered.
From a mathematical modeling perspective, an MT and related tubulin-based polymers are modeled either as continuous manifolds or as interacting discrete objects. For the latter a widely used scheme is to model individual a,B-tubulin heterodimers as rigid bodies interacting through longitudinal and lateral bonds as described in available MT cryo-electron microscopy (cryo-EM) structures. Computational studies with this model (which we will refer to as L1) have had significant success in explaining a number of experimental observations (18) (19) (20) .
On the other hand, a number of studies indicate that alternative, nonmicrotubular interactions may exist between tubulin subunits (21-23). Wang and Nogales (21 ) obtained the cryo-EM structure of a tubulin polymer (called ribbon in the remaining discussions) in the presence of GMPCPP and high magnesium at low temperatures (21-23). The ribbon structure, which converts directly into MTs upon raising the temperature, is formed by two types of alternating lateral interactions between PFs: one is indistinguishable from that in MTs, which we call tube bond (notice that we refer to a non covalent contact as a bond to follow the convention in the field (24) ); the other is a different type of interaction, which we call the sheet bond (23, 25) . In a doublet one particular PF interacts with two PFs simultaneously, with one interaction resembling the tube bond and the other structurally resembling the sheet bond (23, 26) . Schaap et al. discussed this two-type lateral bond model as a possible explanation to their experimental observations (16, 1 7) . Interestingly, we have also previously noticed that residues that participate in the sheet bond are evolutionarily more conserved than those forming the tube bonds (23, 27) , a fact that suggests that these residues are functionally significant.
We have previously formulated a computational model (referred to here as L2) that considers the two types of lateral interactions during early tubulin assembly stages (23) . With stochasti c simulations, the model suggests that tubulins can form kinetically trapped intermediate structures with mixed types of the lateral bonds, which eventually convert into the MT structure. These intermediates may correspond to the observed open sheet structures at the growing end of MTs observed by cryo-EM (28, 29) .
The objective of this study is to determine if a sheet bond is required to explain the m echanical data of Schaap et al. through comparative analysis of the two discrete MT structure models against experimental data. Our hypothesis was that the existence of the sheet bond would have a significant effect on the mechanical properties ofMTs, and that the two models may predict qualitatively different behaviors at some extreme conditions. For the L2 model, mechanical stress may transform some of the lateral bonds to sheet bonds locally as it distorts MTs. MTs in vivo are constantly under large mechanical tension (30) (31) (32) . Without breaking the MT, the mechanism of converting lateral bonds to sheet bonds may release some of the mechanical stress. Consequently, sheet bonds could serve as a temporary alternative interaction between PFs that maintain some stability in the distorted MT. Given the uncertainty of some key parameters, our strategy here was to first develop a mathematical framework capable of describing both types of models, and then examine their predictions within the physically relevant parameter space.
METHODS

The model
The size of the system that we are trying to study, t ogether with the lack of high r esolution structural informat ion, make molecular dynamics simulations at the atomistic l evel impracti cal and unreliable. Instead, w e used a coarse-grained modeling framework that t reats the assembly of a -and ~-tubulins as rigid bodies connected by elast ic springs. F or better comparison with previous studies, we chose the mat hematical structure of our models to resemble as much as possible the work of VanBuren et al. on the L1 model (20) (see Fig. 1 ). VanBuren et al. model ed tubulin dimers as connected vectors. We expanded the repr esentation concerning two major aspects. First, we treated each monomer as a rigi d body and allowed both intra-and interdimer bending motion to be consistent with exp erimental observations (21, 33) . Second, each tubulin dimer has spatially distributed lateral interaction sites, similar to the model of Molodtsov et al. (18) but with extra binding sites corresponding to the sheet bonds for the L2 model. Therefore, our model contains more degrees of freedom than those previously described, necessary to fully describe the two sets of t ubulin later al interactions. Fig . 1 , a-c, illustrate the basic modes of three-dimensional motion r el ated to both longitudinal and lateral tubulin-tubulin interactions, and the composite sheet-tube bond conversion central to the L2 model. Fig. 1, d and e, summarize the m athematical terms used in the L 1 and L2 models. For each PF, with t he assumption that nei ghboring tubulins are connected head-to-tail, the degrees of freedom for each monomer are reduced to four, with (L, 8, q;, 1/t) defining the rel ative positi on and ori entation of a monomer relative to the previous one on the same PF. Three additional coordinates define the spatial position of the starting (minus) end of t he PF relative to the l aboratory frame. To facilitate the description, we also define several auxiliary variables using the four basic coordinates. Following VanBuren et al., we define <I> as the angl e between the preferred and the actual orientation of the vector representing a monom er. Each monomer has an internal coordinate frame, with t he x axis along the connection between the center of mass (COM) and the middle of t he two lateral interaction sites on one site, t he z axis along the connection between the COM of the a -tubulin and the longitudinal interaction site of the two intradimer tubulins, and the y axis perpendicular to t he x-z plane. We then define <I> s and 'Y r to describe the l ateral shift and rotation relative to the C OM (see Fig. 1 e and Fig. S1 ). To obtain the L1 model, one simply sets the sheet bond-related spring constants and E 0 to be zero , resulting in a singl e-well shaped potential (Fi g. 1, hand i). Fi g. 1 i shows two su ch potentials corresponding to a stiff and a soft tube bond, respectively. The total energy (potential of mean force, to be more precise) of the structure is then summed over all the potential function terms.
Numerical methods
All model parameters are listed in Table 1 , unless otherwise mentioned. S orne of the paramet ers w ere estimated from available experimental data, and inherit ed from the model of VanBuren et al . For parameters lacking experimental data, we vari ed the values over physi cally feasible ranges and analyzed the model behavior. We obt ained stabl e conformati ons by minimizing the tot al energy of the structure using the Quasi-Newton method and the simplex approach (34) . The local minimization algorithms allowed us to obtain metastable structures. To simulate AFM experiments, we first constructed a stable MT form, and then exerted force with a sphereshaped AFM tip onto the MT wall. At each step, the AFM t ip moved a small step (0.2 nm in our simulations) down to the MT wall, and then the stabl e conformation w as obt ained by minimizing the t otal energy, including the hard-sphere interactions between tubulin monomers (modeled as spheres with diameter 4 nm) and the AFM tip. We calculated the f orce exerted by the t ip using the force balance relation. Further details of t he model and the numerical procedure can be found in the Supporting Material.
RESULTS
The L2 but not L 1 model can reproduce the AFM studies on MT wall deformability by force over a broad parameter range Fig. 2 a schematically describes the AFM experiments of Schaap et al. (16, 17, 35) . The AFM tip pushes onto the surface of a Taxol stabilized MT that has been immobilized on a glass slide. The experiment measures the force-indentation (F-1) curve, that is, the force exerted on the MT wall by the AFM tip versus the induced indentation on the MT wall. The black line in Fig. 2 b reproduces a typical experimental curve. The curve can be divided into four r egions: region 1 corresponds to indentations from 0 to the value indicated by the red dashed line shown in Fig. 2 b, where the mechanical response is linear, and the slope of 0.074 ± 17% N/m reflects the effective spring constant of the MT wall; often there is a step-like gap -0.6 nm wide that follows region 1, and which we label region 2; (see also Fig. S2 for the definition of a gap); in region 3, the mechanical response is again quasilinear; finally, in region 4 the response is nonlinear, implying that the MT can no longer hold its integral structure.
We first performed computer simulations using the L2 model and mimicking the experimental conditions closely. Fig. 2 b and c, Fig. S3 a and an online supporting movie (Movie S1 of the Supporting Material) show that the L2 model can easily reproduce the gap (region 2 in the curve). As the AFM tip compresses the MT, the tubulin dimers around the contact region are under mechanical stress (step 1 in Fig. 2, b and c) , giving the first linear response region of the F-I curve. The stress builds up, until the conversion of some tube bonds into sheet bonds releases some of the stress, and results in the gap (step 2). Further compression leads to a quasilinear response again. The L2 model predicts that during the process, additional sheet-to-tube bond conversion may take place, which may result in even more gaps. This prediction awaits experimental confirmation (step 3). Eventually some lateral bonds break, with some tubulin dimers even dissociating from the MT (step 4). In this region one does not expect that the current energy-based procedure of calculating the force could capture the complicated dynamic process taking place during the AFM experiments (highlighted as gray region in Fig. 2 b) . It is also expected that the L2 model would predict slightly delayed rupture events than the L1 model due to the energy relaxation oflateral bond interaction concomitant with a transition from tube bond to sheet bond at some place in the microtubule structure (Fig. 2 c , upper panel) .
We can consider these results of the simulation in the context of the double-well shaped potential between two neighboring tubulin dimers shown in Fig. 1 neighbors, the response corresponds to first being pushed uphill within the tube potential well (labeled 1 in the upper panel of Fig. 1 /) , which contributes to region 2 of the F-I curve, and then crossing the barrier and falling to the sheet bond well (labe led 2 in the figure), which results in the gap, and then being pushed uphill again within the sheet bond well (labeled 3 in the figure), which contributes to region 3 of the curve (together with major contributions from other tube bonds). Eventually, some tubulins break their lateral bonds completely (labeled 4 in the figure), leading to complex nonlinear responses (step 4). For those tubulins on the opposite site of the MT with respect to the tubulin-AFM tip contact site, their response in the F-I experiment corresponds to first being pushed uphill within the tube potential well along the 1' direction, and eventually breaking the bond (labeled 4' in the figure) .
Given the uncertainties of model parameters, we performed a sensitivity analysis for those parameters lacking precise experimental constraints. The upper panel of Fig. 3 a gives the dependence of the linear response slope of the F-I curve, K, on various parameters. The largest change of K ( ± 25%) occurs when the two tube bond-related parameters kst or krr vary from half to twofold of the base values. The torsional energy and sheet bond-related spring constants have negligible effects on K . The r esults indicate that most of the contribution to the linear response comes from the tube bonds, which constitute the majority within the structure. On the other hand, the lower panel of Fig. 3 a shows that the gap position depends strongly on the tube shift constant kst as well as on the sheet bond parameters kss and krs· These results reflect the fact that in the L2 model the gap is due to tube-to-sheet bond conversion, and involves large relative lateral rotations between neighboring tubulins. The two-parameter analyses in Fig. 3, b--d , further show that these parameters affect the MT mechanical properties cooperatively. Accurate experimental measurements may help to constrain these parameters. Fig. 3 d shows Table 1 , unless otherwise indicated.
the only requirement that the barrier between the sheet and tube bonds is lower than the individual bond energies. We performed similar analysis using the Ll model. Fig. S4 (also see Fig. 4 ) gives some typical F-I curves with the Ll model using different values of the tube bond energy. Interestingly, the Ll model also produces a recognizable gap under certain conditions (see Fig. S4 ). However, in this case the gap always appears at an indentation around or larger than 5 nm. Furthermore, only a short and barely recognizable quasilinear region follows the gap before a structure- less nonlinear region. Additionally, only a very small range of parameters can generate this gap-like behavior, even for these very loose criteria to identify gaps (Fig. S9) . These two features persist upon varying parameter values, and are inconsistent with the experimental observations. Close examination of the simulations showed that at the gap the PF pressed by the AFM tip broke some lateral bonds with neighboring PFs without breaking any longitudinal bond (Fig. S4 g ) This is one of the mechanisms suggested by Schaap et al. to explain the gap in their experimental curves. The process corresponds to pushing the single-well shaped potentials in the lower panel of Fig. 1 f up first (labeled 1   and 1 1 in the figure), and then breaking the bonds (labeled 2 and 2 1 in the fi gure). However, this unzipping mechanism usually initializes breaking of additional lateral bonds, explaining why the F -I curve quickly enters the nonlinear region after a very short quasilinear region.
Suggested AFM experiments to distinguish between the two models
Although the previous analysis indicates that the L2 model explains the gap in the experimental F-I curves better than the Ll m odel does, the evidence is not fully conclusive because the latter can also generate the gap with certain choices of parameters. We suggest that one would be able Table 1 unless otherwise stated.
to discriminate between the two models by m easuring the F-I curves using AFM tips with different sizes. As shown in Fig. 4 , the two models show qualitatively different behaviors. Consistent with what is shown in Fig. 2 and Fig. S4 , Fig. 4 , a~c, show that both models can generate the gap. However, with tip size increasing from 10 to 30 nm, the L1 model predicts that the gap position increases from -4 to > 6 nm, whereas the L2 model predicts roughly an unchanged gap position (see Fig. 4 d) . With a large sized tip (30~60 nm), the L2, but not the L1 model predicts a noticeable gap width (see Fig. 4 e) . Fig. 4 f shows that both models predict similar, nearly linear dependence of K on the AFM tip size. Therefore, one cannot distinguish the two models by examining MT behaviors within the linear region, and needs to go beyond.
Suggested experiments to further constrain model parameters
As shown in Fig. 3 , accurate m easurement of mechanical properties could be used to determine MT model parameters. Here, we present additional modeling studies using the L2 model that could be explored experimentally in the future. tation of 7.4 nm (which is just before the MT breaks). This indicates that MT deformation can only propagate -40 nm along one direction. This conclusion can also be drawn from Fig. S5, b and c. The F-I curves overlapped in the linear region for MT lengths > 80 nm, for both small and large AFM tips. More detailed analysis (Fig. S5 c) showed that the shorter the MT, the softer the response to the pressing AFM tip. For varying AFM tip radius, the critical lengths at which the boundary effects vanish are predicted to be all around 80 nm. The AFM tip radius changes the response strength of the MT wall (Fig. S5, c and d) . The larger the AFM tip, the higher the effective spring constant
K . This effect is due to larger tips having a larger contact surface on the MT wall and thus leading to more tubulin monomers being involved. Note that the change of K ( -0.04~0.09 N/m, Fig. S5 c) is small despite the large variation in the tip radius (3 (2~60 nm). This result is consistent with experimental observations (17) . Fig. S5 , c and e , show that the gap position r increases with the tip radius, but decreases with the MT length, and it plateaus at around 50 nm. Again, because a larger tip has a larger contact surface with the MT wall, the force is resisted by more tubulin monomers. Therefore, the monomers tend to have smaller deformations per unit of indentation distance because of the smaller force exerted on them. This effectively delays the transition from tube bond to sheet bond and therefore the gap position r. Similarly, a shorter MT is softer, and its lateral bond transition takes place at a larger indentation.
Another set of simulations that could be tested experimentally is to change the position of the AFM tip by moving the tip across the MT (from PF to PF) or along the MT longitudinal direction (along a single PF) (see Fig. S6 ). MTs are polymers of a -and (3-tubulin dimers polymerized head to tail into PFs, about 13 of which associate laterally making the cylinder. Therefore, the MT wall is not smooth but bumpy, both along the longitudinal (z) and even more so the lateral directions (x). We find that the bumps along the PFs do not make observable difference on both linear and quasilinear responses, but those formed between PFs do have effects on both kinds of mechanical responses. The effective spring constant K changes with the number ofprotofilaments that interact with the AFM tip when it moves along the x direction. These changes are not observed, in contrast, when the AFM tip m oves along the z direction because the interacting PFs remain the same. The Supporting Material provides a detailed discussion.
The L2 model predicts metastable hybrid sheet structures with different curvatures during MT assembly (12-8 A): the ribbon polymer containing alternating tube and sheet lateral bonds (21) , and the MT containing only tube bonds (36) . We constrained the parameters of our L2 model by requiring it to reproduce the two structures. The ribbon structure shown in Fig. 5 a contains the correct alternating sheet and tube bonds between PFs. The sheet bond tends to bend out of plane, and the tube bond tends to bend into the plane. Notice that the bending is not exactly perpendicular to the PF axis. The overall structure is thus helical in nature (ribbon-like). The bending angle between monomers along each PF is -3.5°, consistent with the experimental value (22) . The MT structure shown in Fig. 5 e is energetically the most stable structure. The L2 model also gives a (large) number of additional structures (as those shown in Fig. 5, b-d) , which we call hybrid because they are neither pure MT structures nor pure ribbon structures but combinations of some sheet bonds and some tube bonds. Such structures correspond to local minima of the free energy function. Increasing the content of tube bonds has a straightening effect in the structure. Therefore, the presence of hybrid polymers can in principle explain the observed sheet intermediates during the assembly process (29) , with the variable curvatures reflecting the amount of initial sheet bonds already converted to tube bonds. To support this proposal, Fig. 5 c shows a polymer with one end closed into a tube, and another end still having the open structure with remnant sheet bonds. Fig. 5 d gives another hybrid structure with branched ends, which resembles more closely what is observed experimentally (29) .
DISCUSSION AND CONCLUSIONS
Currently, a widely accepted model assumes that MT assembly is a simple process where individual a,B-tubulin 2693 heterodimers add one by one onto the growing end of an MT (37 ,38) . Mathematical modeling using this model (which we will refer to as L1 ) has had significant success explaining a number of experimental observations. However, there are still unresolved contradictions between experimental observations and computational modeling results based on the L 1 model. Following the observation that the fast growth of MTs occurs via the elongation of an outwardly curved sheet-like structure (29) , Janosi et al. (1) and Chretien and et al. (39) performed theoretical studies on the sheet structure using a continuum elastic model and a ball-spring model (40) , always assuming only one type of lateral bond. These studies explained the sheet structures with differ ent curvatures as incomplete MTs with different number of PFs. However, one should treat the conclusions from this continuum model studies with some caution. In particular, work did not address how and whether the a priori assumed sheet structure can form under the L 1 model. Systematic stochastic modeling studies by VanBuren et al.
show that, based on the L1 model, long incomplete structures at the MT growing end are very unlikely to form. Such structures appear both energetically and kinetically unfavorable and are precursors for disassembly rather than assembly (20) . This observation is against the proposal of Chretien and co-workers that the observed long sheets are merely incomplete MTs with the number of protofilaments < 13 (29) . VanBuren et al. did not examine the dependence of sheet length on tubulin concentration. One would expect in their model weak or inverse dependence, because low tubulin concentrations favor disassembly and, thus, sheet formation according to VanBuren et al. (20) . This is in contradiction to the observation that the sheet structures are observed under growth conditions and become longer upon increasing tubulin concentrations (29) .
A number of studies indicate that alternative, nonmicrotubular interactions may exist between tubulin subunits during the MT polymerization process in the form of an assembly intermediate. These studies include the visualization by cryo-EM of open sheet structures at the growing end of MTs (28, 29, (41) (42) (43) , and the cryo-EM structure of a tubulin polymer (ribbon) proposed to mimic such growth sheets. Because the ribbon structure of Wang and Nogales (21 ) was obtained under distinct conditions from those normally used for in vitro assembly of MTs, most significantly low temper atures, there has been some skepticism about whether the observed new lateral contact is an artifact without physiological significance.
Therefore, a systematic analysis on this alternative bond type is timely and needed. To shed light on the still remaining issues concerning the structural basis of MT dynamics, and resolve apparent discrepancies between experimental and model observations, we performed coarse-grained modeling studies on the mechanical properties of two classes of competing models of tubulin interactions that assume either one or two types of lateral bonds between neighboring protofilaments. The previously described L1 model (18, 20) can explain a significant body of experimental observations. The L2 model presented in this work is an extension of the L1 model. The L2 model incorporates most of the properties of the L1 model, but has been extended to incorporate new structural data and to further reproduce additional experimental results that are not readily accounted for by the latter. Specifically, we analyzed the AFM measurements of Schaap et al. (17) Within the context of the L2 model the experimentally observed gap can be reproduced over a broad range of modeled parameter space and experimental conditions. In this model the gap arises from the tube-to-sheet bond conversion of a small number oftubulins being pushed by the AFM tip. In contrast with the simulation results observed with the L2 model, the previously proposed L1 model reproduces the gap only under a narrow range of experimental conditions. Most importantly, large structural ruptures usually follow the gap, in contradiction with the observed quasilinear response region that follows the gap in the experimental F-I curve. Our analysis leads to predictions concerning the mechanical properties ofMT that are experimentally testable. In particular, our analysis indicates that it should be possible to distinguish between the two models and thus ascertain their validity, by measuring the F-I curves using different AFM tip sizes. The type of AFM experiments described by Schaap and colleagues is closely related to the nonequilibrium single molecule pulling experiments that are widely used to study macromolecule properties (44) . More quantitative AFM data should make it possible to reconstruct the double well-shaped free energy landscape schematically shown in Fig. 1 i, as previously shown for single molecule data (45) . Such reconstruction should allow us to extract the exact value of the free energy difference between the two types of lateral bonds.
The L2 model also predicts that early tubulin assembly intermediates structurally correspond not only to the wellcharacterized MT lattice, but also to the ribbon polymers obtained by Wang and Nogales (21) and Wang et al. (22) , and most importantly, a number of hybrid structures with various contents of the two types of lateral bonds present in the latter. We propose that these hybrid structures may correspond to different stages of the sheet structures with variable curvatures and lengths observed at the end of growing MTs, as those observed by Chretien et al. (29) .
It is important to emphasize the need to evaluate competing models against multiple, rather than single experiments. In particular, an acceptable model should reproduce multiple experiments with a single set of parameters. In the doublet microtubule structure present in axonemes, at least one PF must interact with two other PFs simultaneously (26) . This is clear evidence of the existence of two types of lateral bonds for tubulin in vivo that needs to be explained by global models of tubulin interactions. Although it is hard to argue that such lateral contacts do directly illustrate what happens during microtubule growth or during the AFM experiments of Schaap et al., they are singularly suggestive of the complex interaction landscape in tubulin polymers. An alternative to the existence of more than one type of lateral contact is that there is a single type of lateral tubulin interaction but involving highly flexible tubulin regions, as illustrated by the flat, single-well potential in Fig. 1 f However, the elastic mechanical property of an MT, quantified in AFM experiments in the slope of the linear response region, sets the limit to how flexible the interactions within a single potential well can be. The estimated flexibility makes the previously mentioned alternative explanation to the doublet structure unfavorable.
We propose that the existence of the sheet bond affects MT assembly dynamics and its regulation mechanism. A large number of proteins regulate MT assembly and disassembly dynamics in vivo through interaction with tubulin, especially at the plus end of a growing MT (5, 6) . The sheet bond could provide an alternative binding surface for those proteins to discriminate between the body and the tip of an MT (25) .
In summary, although there is not yet enough experimental data to make our studies totally conclusive in discriminating between the tubulin assembly models compared, and thus additional experiments are necessary, our computational studies indicate that further consideration and testing of the proposed L2 model is warranted. In this work, we have focused on the effect of the proposed new type of lateral bond on MT mechanical properties, and made several experimentally testable predictions. Many plus end-tracking proteins (+ TIPS) preferentially bind to the growing plus end of an MT (5), and evidence shows that the prototype of these proteins, EB1 , can regulate the closure of the sheet growth structure into tubes during the MT assembly process (46) . It is obvious that an alternative type of lateral interaction between PFs in growing MT ends would offer a unique landing pad for + TIPS, distinct from the canonical lateral interactions in the body of MTs, and thus could be used for the distinct localization of these factors and as a powerful regulatory tool of MT dynamics. An obvious area of future analysis is to extend the L2 m odel to study the interaction of + TIPS with dynamic microtubules. We believe that understanding the properties of the sheet bond holds the potential to guide the design of new tubulin-based drugs that regulate microtubule dynamics by uniquely proving that tubulin interface.
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